1. Introduction {#sec0005}
===============

Gene expression can be regulated at multiple levels including: transcription, mRNA processing and localisation, protein translation and protein stability. It is now well accepted that control of translation makes a major contribution to the overall regulation of gene expression although in comparison to transcription it has been less extensively studied. Regulation at the level of translation allows a rapid and usually reversible response to various internal or external signals in the life-cycle of a cell.

Translation can be considered as a three-step process that is comprised of initiation, elongation and termination. Although all three stages can be regulated, translation is primarily regulated at the initiation stage and this is assumed to be the rate-limiting step of the process ([@bib0400]). Translation initiation is an intricate process that culminates in an elongation-competent 80S ribosome forming at the initiation codon. Essentially two complexes are required for this process which function to bind to the mRNA, via the m^7^GTP cap at the 5′ end of the message, recruit the ribosome and bring the initiator Met-tRNA~i~ to the start codon. The eIF4F complex is required for both cap-binding and ribosome recruitment to the message. This complex is comprised of eIF4E (the cap binding protein), eIF4G (a scaffold protein) and eIF4A (a DEAD-box helicase) ([Fig. 1](#fig0005){ref-type="fig"}A). eIF4G also contains binding sites for eIF3 and poly A binding protein (PABP). The other complex, the eIF2 ternary complex (eIF2-TC), contains eIF2, GTP and the Met-tRNA~i~. Once formed this complex is recruited to the 40S ribosomal subunit along with eIF1, eIF1A, eIF3, and possibly eIF5, forming the 43S pre-initiation complex. The 43S complex then interacts with the eIF4F complex via eIF3 binding to eIF4G to form the scanning competent 43S complex ([Fig. 1](#fig0005){ref-type="fig"}A). This complex is additionally stabilised by the interaction of eIF4G with PABP and of eIF4B with eIF4A and PABP ([@bib0400], [@bib0030]). The scanning model then predicts that the 43S complex progressively scans along the message until a suitable initiation codon is recognised. Although the codon AUG is used primarily as the "start codon" there are many examples of non-AUG start codons that are used including GUG and CUG ([@bib0420]). Once the start codon is recognised and a 48S preinitiation complex has been formed, joining of the 60S ribosomal subunit occurs to form the 80S ribosome (reviewed by [@bib0165]).Fig. 1Translation initiation and its regulation. (A) Schematic of translation initiation pathway. Two complexes are required for initiation of translation; the eIF4F complex and the eIF2-TC. eIF2-TC interacts with the 40S ribosomal subunit to form the 43S preinitiation complex which then interacts (via eIF3 binding to eIF4G) with eIF4F complex to form the initiation competent 43S preinitiation complex. Translation initiation can be controlled by regulating the levels of eIF2-TC or eIF4F complex. (B) eIF4F complex is regulated by controlling the availability of the cap-binding protein eIF4E. Dephosphorylation of the eIF4E binding partners, 4EBPs, allows them to bind to eIF4E and so reduce the amount of this protein that is available for eIF4F complex formation. (C) eIF2-TC is controlled by phosphorylation of the alpha subunit of eIF2 by its kinases which results in sequestration of eIF2 and its GEF eIF2B in an inactive complex. This limits GTP:GDP recycling on eIF2 and therefore reduces the amount of eIF2-TC available.

Overall translation rates can be regulated by controlling the levels and activities of the components of the eIF4F and eIF2-TC complexes. Thus the availability of eIF4E is dependent on the phosphorylation status of its interacting partners, 4E-binding proteins (4EBPs). When phosphorylated they release eIF4E and this increases the net amount of protein that is able to interact with eIF4G to form the eIF4F complex ([Fig. 1](#fig0005){ref-type="fig"}B). Signalling through the phosphoinositide 3-kinase pathway (PI3K) regulates 4EBP phosphorylation and when activated by growth factors, PI3K phosphorylates Akt, which in turn phosphorylates the mammalian target of rapamycin (mTOR) leading to 4EBP phosphorylation and upregulation of translation. Since there is an increase in both the levels and phosphorylation status of translation initiation factors in cancers, drugs that target these pathways such as rapamycin (which targets mTOR) are being investigated as potential therapeutic agents ([@bib0020]).

eIF2-TC formation is regulated by altering the phosphorylation status of eIF2. This protein is comprised of 3 subunits and phosphorylation occurs on the alpha subunit at position Ser51 ([@bib0065]). The phosphorylation of eIF2 inhibits translation since phosphorylated eIF2 binds with high affinity to its guanine nucleotide exchange factor eIF2B that is present in limiting amounts. This prevents eIF2 recycling, lowering the amount of eIF2-TC formation, and inhibits translation ([Fig. 1](#fig0005){ref-type="fig"}C). There are four kinases that phosphorylate eIF2 that are activated by different external stimuli ([@bib0405]). For example, GCN2 (General control non-de repressible 2) is activated following nutrient starvation and UVB exposure ([@bib0345], [@bib0405]), PERK (PKR-like ER kinase) is activated when unfolded proteins accumulate in the cell e.g. in prion disease ([@bib0265]), PKR (RNA-dependent protein kinase) is activated during viral infection, but also during the disruption of systemic metabolic homeostasis ([@bib0130]) and HRI (Haem-regulated inhibitor) promotes survival of erythroid precursors when iron levels are low ([@bib0050]).

The main protein coding sequence of the mRNA is often flanked by upstream and downstream regions, which are termed untranslated regions (UTRs). These regions may contain regulatory elements such as hairpins, protein binding sites, internal ribosome entry sequences (IRES) elements or upstream open reading frames (uORF) in the 5′UTR or miRNA binding sites, localisation elements and poly-A tail signals in the 3′UTRs ([@bib0335]). Herein, we will focus our attention on discussing the occurrences and behaviours of mammalian uORFs.

Several bioinformatic and genetic studies revealed that 40--50% of human and rodent mRNAs contain at least one uORF ([@bib0045], [@bib0140], [@bib0250]). Transcripts with one uORF generally have a 5′UTR of at least 75 nucleotides. The probability that a mRNA will contain more than one uORF increases with the increasing length of the 5′UTR, although the occurrence of upstream AUGs (uAUGs) does not show any correlation with 5′UTR length ([Fig. 2](#fig0010){ref-type="fig"} ) ([@bib0140]). Both uORFs and uAUGs occur less frequently than expected by chance implying that they are under negative selection pressure ([@bib0045], [@bib0140], [@bib0375]). However, the presence of multiple uORFs seems to be enriched in certain subgroups of mRNAs, including genes coding for growth factors, transcription factors and proto-oncogenes ([@bib0060], [@bib0195]).Fig. 2Many properties may contribute to an uORF\'s role in the translational control of a mORF. These include the length of the 5′UTR, the secondary structure and GC content. Consideration of where the uORF is situated, including the distance from the cap and the intercistronic distance between the termination of the uORF and the mORF (A). The sequence of the uORF might be important, whether it is an AUG or non-AUG initiator codon, the strength of the surrounding Kozak context and the uORF length and conservation. Conservation of uORFs may indicate a role for the peptide coding sequence of the uORF (B). Longer 5′UTRs tend to have multiple uORFs, so consideration of the distance between these uORFs is important (C). Lastly, some uORFs do not terminate within the 5′UTR, rather they overlap with the mORF. These uORFs if recognised by ribosomes will cause repression of the mORF (D).

Both uAUG or uORFs (when uAUG is followed by an in-frame stop codon) are major regulatory elements in the 5′UTR regions. According to the scanning model the 43S preinitiation complex enters the mRNA at the 5′ cap of the mRNA and scans sequentially along the 5′UTR until it encounters the first AUG codon ([@bib0210]). There are some circumstances, which allow the ribosome to skip the first AUG, e.g. if the first AUG is in a sequence context which is not recognised efficiently by the scanning ribosome causing leaky scanning (discussed below) ([@bib0190]), or if the first AUG is located too close to the 5′ cap ([@bib0215]). However, uAUGs/uORFs located in the 5′UTR that are recognised by the 40S ribosomal subunit will by default downregulate the translation from the main open reading frame (mORF). The recent large scale genetic and proteomics study has shown that uORFs reduce protein expression from the downstream mORF by 30--80% ([@bib0045]).

For an uORF to be able to regulate downstream protein expression, it has to be recognised by the 40S ribosome subunit. The most favourable nucleotide context surrounding a start codon has been shown to be GCCA/GCC[AUG]{.ul}G (termed Kozak consensus) of which A at −3 and G at +4 (the A at the [AUG]{.ul} codon being +1) are the most important nucleotides ([@bib0190], [@bib0210]). The Kozak context has been shown to be especially important around the non-AUG start sites ([@bib0205], [@bib0310]). The A at the −3 position was demonstrated to interact with the eIF2α subunit and the G at +4 with helix 44 in the 18S rRNA in experiments using UV-crosslinking and purified factors. Both these interactions are proposed to promote AUG recognition at the start site ([@bib0340]). However, in addition to AUG context, the secondary structure of the transcript, especially following the start site, has been shown to play an important role in start site selection ([@bib0190], [@bib0215]). Interestingly, it has been shown that about 90% of the mORF AUG start sites are either in a strong (both −3A/+4G) or adequate (either −3 or +4) nucleotide context; there was no likewise 'bias' for the start sites of uORFs ([@bib0140]).

The uORFs identified in mRNAs to date vary in a wide number of ways. Thus, they display differences in (i) length, (ii) number, (iii) distance from the cap, (iv) whether the uORF is completely within the 5′UTR or overlapping with the mORF and (v) distance between the uORF stop codon and the start site in the mORF ([Fig. 2](#fig0010){ref-type="fig"}). How all these different parameters contribute to the down regulation of translation from the mORF is a complex process that is not well understood. In this review, we summarise the current literature in order to generate some common rules from the studies carried out thus far.

2. Reinitiation {#sec0010}
===============

The ability of eukaryotic ribosomes to reinitiate after termination was found unexpectedly during studies that gave rise to the scanning ribosome model. An experiment which inserted an uAUG into the 5′UTR of the (pre)proinsulin mRNA reduced the amount of protein expressed from this mRNA. However, inserting an in-frame stop codon after the uAUG increased the yield of (pre)proinsulin compared to the mRNA only having the uAUG ([@bib0185]). Following studies showed that the reinitiation efficiency at the downstream AUG increased with an increasing intercistronic distance (the distance between the uORF-stop and the 'reinitiation' start codon downstream) ([@bib0200]). This suggested that the ribosome needed to reacquire some initiation factors during the scanning before becoming competent to allow reinitiation at an AUG codon downstream. One of the obvious factors lacking from the ribosome was eIF2-TC, which is lost from the ribosome during the first initiation event. Subsequent studies both in yeast and mammalian systems have shown that the available eIF2-TC concentration correlates with the distance the 40S ribosomal subunit needs to scan before it is able to reinitiate ([@bib0120], [@bib0425]; discussed in more detail below).

Reinitiation efficiency is very difficult to determine accurately as it is hard to assess how much is really true reinitiation or a combination of leaky scanning and reinitiation. However, efficient reinitiation has been detected after very short uORFs (up to 50% for GCN4) ([@bib0120]). The reinitiation efficiency decreases with the increasing length of the uORF ([@bib0245]), or if the translation of the uORF is slowed down by strong secondary structure which causes the translating ribosome to pause ([@bib0200], [@bib0220]). Together these findings suggest that the time taken to translate an uORF is more critical than the length of the uORF per se. This implies that some critical initiation factors needed for reinitiation are lost during translation of the uORF rather than during the ribosome 'subunit joining' stage of initiation. A series of experiments were carried out to address whether reinitiation was dependent on the eIFs that initiated at the first uORF start codon. Using an *in vitro* translation assay in rabbit reticulocyte lysate (RRL) efficient reinitiation occurred at 20--35% when an uORF-containing construct was driven by either scanning dependent mechanism or by the encephalomyocarditis virus IRES (EMCV), which both required the eIF4F complex for initiation (except that EMCV does not need eIF4E) ([@bib0350]). However, no reintiation was observed if the classical swine fever virus IRES (which does not require any of the eIF4 family members) or the cricket paralysis virus IRES (which is not dependent on any eIFs) were used in the translation assay. When an uORF construct that had 19xCAA-repeats in the 5′UTR, which can initiate translation without the eIF4F complex ([@bib0330]) were used efficient reinitiation only occurred in RRL that contained all eIFs or in an eIF4G-depleted lysate supplemented with recombinant eIF4G p50 fragment (eIF4G central domain which has both eIF3 and eIF4A binding sites). These data led to a model that suggests that reinitiation will only occur if the eIF4F complex participated in the primary initiation event and that an interaction between 40S/eIF3/eIF4F is maintained during the initial translation. Only the 40S ribosome subunits that have kept this interaction at the uORF termination codon are able to resume scanning and reinitiate at a downstream initiation codon ([@bib0350]).

2.1. eIF2 concentration and reinitiation {#sec0015}
----------------------------------------

As discussed above, phosphorylation of the eIF2α subunit is an important mechanism to regulate protein synthesis in different stress conditions within the cell. However although eIF2α phosphorylation in general reduces protein synthesis in the cell, it simultaneously induces protein synthesis of a subset of mRNAs e.g. *ATF4* and *ATF5*.

The best understood mechanism of mammalian translational control by uORFs is reinitation on the human *ATF4* mRNA. This transcript encodes a basic zipper (bZIP) transcription factor and has 2 uORFs in its 5′UTR of which the uORF1 is only 3 amino acids long and the uORF2 is 59 amino acids long and overlaps with the *ATF4* mORF ([Fig. 3](#fig0015){ref-type="fig"} ) ([@bib0425]). Under normal conditions (eIF2-TC abundant) uORF1 is efficiently translated. Any 40S ribosomal subunits that resume scanning after the uORF1 stop codon will reacquire eIF2-TC before reaching the uORF2 AUG codon and thus reinitiate at uORF2 ([Fig. 3](#fig0015){ref-type="fig"}A). Because the uORF2 is much longer and more importantly, overlaps with the mORF, the majority of the ribosomes will be recycled at the uORF2 termination codon, leading to repression of the *ATF4* mORF. During stress conditions (i.e. ER stress) eIF2α subunit phosphorylation is increased which reduces the eIF2-TC concentration. Now, the 40S ribosomal subunits that resume scanning will bypass the uORF2-AUG codon due to the longer time it takes to reacquire eIF2-TC, thus leading to reinitation at the *ATF4* mORF ([Fig. 3](#fig0015){ref-type="fig"}B) ([@bib0425]). Interestingly, in the *ATF4* and *ATF5* transcripts both the uORFs and the nucleotide distance between them are conserved among different vertebrate species that suggests a common regulatory mechanism in these mRNAs ([@bib0425], [@bib0455]).Fig. 3Reinitation mechanism of *ATF4* mRNA translation. (A) Under normal conditions (abundant eIF2-TC), ribosomes that translate uORF1 (3 codons) may reinitate, that is the 40S remains attached to the transcript and resufmes scanning downstream. eIF2B acts as a GEF to eIF2-GDP, exchanging the GDP for GTP. Due to the abundant eIF2-TC availability the 40S ribosome reacquires a ternary complex before uORF2 allowing reinitation at uORF2 AUG codon. Hence, preventing translation of the *ATF4* mORF. (B) Under stress conditions, which elevate eIF2α phosphorylation uORF1 in translated as described above. However, phosphorylated eIF2α on Ser 51 binds more strongly to eIF2B inhibiting its GEF function and reducing the available pool of eIF2-TC. This leads to the 40S ribosomes that resume scanning to progress further along the transcript before reacquiring eIF2-TC, thus bypassing the start codon of uORF2 to reinitiate at the *ATF4* mORF.

It has been shown that there is coordinated translational upregulation of a subset of mRNAs that contain uORFs following exposure of cells to UVB light. In this case, as part of the stress response, the eIF2α subunit is phosphorylated and the reduced eIF2-TC levels lead to the selective synthesis of proteins that are required as part of the DNA damage response including the critical DNA repair enzymes ERCC1, ERCC5 and DDB1 ([@bib0345]). However, this appears to be specific to the DNA repair enzymes since ATF4 was not found to be upregulated ([@bib0345]). Further work is needed to understand the precise mechanism of this selective translational control.

In general, most mammalian uORFs are permissive for reinitiation except for some rare cases where, for example, the nascent peptide chain causes ribosome stalling at the termination codon (discussed below). In contrast, most of the uORFs in yeast appear to be nonpermissive for reinitiation. The only native uORFs in yeast that have been shown to be permissive for reinitiation are the first uORF in the *GCN4* mRNA and the only uORF in *YAP1* mRNA ([@bib0120], [@bib0270], [@bib0430]). In addition, nucleotide sequences both upstream and immediately downstream of the uORF1 in the *GCN4* mRNA have been shown to interact with the yeast eIF3 and that this interaction is important for reinitiation after uORF1 translation ([@bib0270], [@bib0415]). Interestingly, mammalian eIF3 and eIF4F interact directly with each other, and this interaction has been suggested to be important for reinitiation in mammalian systems ([@bib0350]), but in yeast only an indirect interaction between eIF3 and eIF4F (by eIF1 and eIF5) has been shown ([@bib0125]).

3. Mechanisms other than reinitiation {#sec0020}
=====================================

The premise of reinitiation does not account for the observed behaviour of all uORFs. There are also a number of, as yet, not fully understood mechanisms by which an uORF may function ([Fig. 4](#fig0020){ref-type="fig"} ). Herein, we discuss the possibilities that can occur concurrently or independently to reinitiation including; uORF nucleotide dependence, uORF peptide expression and functionality, uORF bypass, non-sense mediated mRNA decay (NMD), and interplay with an IRES.Fig. 4The roles of uORFs in translational control. In addition to reinitiation ([Fig. 2](#fig0010){ref-type="fig"}) uORFs have been characterised to perform a number of different roles. (A) The nucleotide sequence can have a predominant role on uORF translatability, for instance by encoding for rare codons that cause the ribosome to stall (*methionine synthase*) or the potential involvement of such sequences in secondary structure or RNA motifs (*UCP*2). The peptide product of uORFs can have *cis* regulatory functions, for instance causing the stalling of ribosomes (*AdoMetDC* and *CHOP*) (B), or by the *trans* repression of the mORF (*AS*, β*2 adrenergic receptor* and *vasopressin V1B receptor*) (C). (D) Bypass of an inhibitory uORF has been observed under stress conditions and is dependent on eIF2α phosphorylation. An interesting possibility for how this may occur is the loading of the 40S without an eIF2-TC which it acquires as it scans (*C/EBP* α and β, *CHOP*, *GADD34*, *protein kinase C isoform* η). (E) Interactions that involve both uORFs and IRES elements within 5′UTRs can cause expression of the mORF (*Cat-1*) or repression of particular splice variants (*VEGF-A).* (F) Approximately 35--50% of uORF containing transcripts undergo selective degradation by NMD (e.g. *ATF4*, *CHOP* and *IFDR1*).

3.1. Upstream open reading frame nucleotide dependence {#sec0025}
------------------------------------------------------

For certain uORFs the nucleotide sequence is the most important determinant of uORF behaviour. *Methionine synthase* contains 2 inhibitory uORFs. Interestingly, the second uORF contains 6 rare codons for either arginine or proline within its 30 codon sequence. This would be predicted to potentially slow down or even stall the ribosome during uORF translation. Indeed, synonymous replacement of the adjacent rare arginine codons in the N-terminus of the peptide with a more abundant codon (either arginine or alanine) alleviated repression ([Fig. 4](#fig0020){ref-type="fig"}A) ([@bib0055]). A nucleotide sequence that allowed for RNA secondary structure to form and/or binding motifs within the 5′UTR sequence could also affect uORF behaviour and mRNA translation. For example, the pausing of the ribosome caused by the presence of highly structured RNA could allow increased time to recognise an AUG in a mechanism that could be similar to the way in which pseudoknots are used to achieve frame-shifting in coronaviruses ([@bib0380]). Mutational analysis of the 36 codon uORF inhibitory peptide of *UCP2* demonstrated that the uORF C-terminal nucleotide sequence was important for its inhibitory behaviour, although the mechanism is not yet understood ([@bib0135], [@bib0315]).

3.2. Upstream open reading frame peptide expression and function {#sec0030}
----------------------------------------------------------------

The detection of endogenous uORF peptide expression has been limited. Global screens of small peptide expression within human cells by mass spectrometry only identified 7 uORF peptides ([@bib0285], [@bib0290]). A more recent peptidomics approach detected 15 uORF peptides ([@bib0390]). These low numbers suggest that either the majority of uORF products are expressed at levels currently undetectable and/or that they are selectively degraded within cells ([@bib0290], [@bib0390]). When uORF peptide expression does occur it may be spatially and/or developmentally regulated. For instance MYCNOT expression, the uORF product of the *MYCN* ^*Δ1b*^ transcript, was detectable within foetal but not adult brains ([@bib0015]). Further confusion arises as to the function of such uORF peptides, with many containing unique domains and motifs ([@bib0015], [@bib0290]). Differences in subcellular localisation; the 2 uORF peptides of the *MKKS* gene both localise to the mitochondria, which is in contrast to the cytoplasmic location of the MKKS protein ([@bib0005]). Or their association with other cellular factors, the uORF2 peptide of the GR transcript variant 1A interacts with a number of proteins in the cytoplasm but not membrane-bound GR ([@bib0070]). Collectively, these observations hint at the prospect that uORF peptides refractory to rapid proteolysis may also fulfil roles additional to translational control.

Functional characterisation has shown that uORF peptide products can produce *cis*- or *trans*-regulation on mORF translation ([Fig. 4](#fig0020){ref-type="fig"}B and C). S-adenosyl-methionine decarboxylase (*AdoMetDC*) uORF-mediated repression is regulated by polyamine concentration, which determines the duration of ribosomal pausing at the C-terminus of the uORF sequence, thus obstructing passage of ribosomes to the mORF ([@bib0225], [@bib0280], [@bib0360]). *AdoMetDC* encodes an inhibitory 6 codon uORF ([@bib0110]). Detailed molecular studies both in cell and cell-free systems support the hypothesis that the *AdoMetDC* uORF protein sequence is responsible for this inhibition, with the codon identity at the fourth and fifth positions as well as the length of this peptide being essential for its repressive properties ([@bib0115], [@bib0260], [@bib0360]). Despite the ability of the *AdoMetDC* uORF to inhibit a reporter construct in yeast, the peptide shows no sequence similarity to yeast uORFs that likewise promote ribosomal pausing/stalling suggesting these peptides associate with different molecular targets within the ribosome or associated factors ([@bib0225], [@bib0260]).

Several examples of an uORF peptide acting in a *trans*-manner have been demonstrated. Argininosuccinate synthase (*AS*) transcripts differ in their 5′UTR length due to the usage of different transcriptional start sites. The major transcripts (present at \>90% of all *AS* transcripts within a cell) contain a short UTR with no uAUG, whereas the longer UTRs of the minor products contain an inhibitory uORF ([@bib0320]). Transfection of the *AS* uORF construct into bovine aortic endothelial cells repressed endogenous AS protein expression, with mutational analysis demonstrating that both the uORF peptide sequence and length being essential determinants of repression ([@bib0325]). Other examples of *trans*-repression have thus far been demonstrated by the addition of high concentrations of uORF peptides within cell-free systems. These include the mammalian β2 adrenergic receptor uORF peptide sequence, which encodes a number of conserved arginine residues. However, this effect was recreated with an unrelated peptide of equivalent high basic charge, although arginine alone proved insufficient ([@bib0300]). Another example involves the last uORF peptide of Vasopressin V1b receptor (whose endogenous expression has been detected within cells) that was able to re-establish translational inhibition when added exogenously to a cell free system expressing a transcript in which this uORF AUG had been mutated ([@bib0355]). These interesting examples of uORF peptide functionality highlight the important of experimental design and appropriate controls when dissecting out an uORF\'s behaviour, including the need for consideration of any coexpressed transcript variants.

3.3. Upstream open reading frame bypass {#sec0035}
---------------------------------------

uORF bypass has been used to describe the derepression of a mORF downstream of one or more inhibitory uORFs. It has been suggested that this arises from an increase in leaky scanning of uORF start codons. However, as discussed below the requirement for the uORFs during derepression shows this explanation is likely to be too simplistic ([@bib0230], [@bib0365]). Current known examples of this phenomenon occur during elevated levels of eIF2α phosphorylation ([Fig. 4](#fig0020){ref-type="fig"}D) ([@bib0040], [@bib0230], [@bib0295], [@bib0365]). Whether this mechanism is due to the reduction of eIF2-TC availability or a change in another translation factor is currently unknown.

The conserved CCAAT/enhancer binding protein (C/EBP) α and β isoforms contain a number of potential initiator codons, including a short uORF positioned upstream of the mORF. Unlike the other examples this uORF promotes reinitiation, but its surrounding sequence acts to reduce the likelihood of initiation from the full length mORF in favour of initiation at an internal AUG that encodes a truncated C/EBP product ([@bib0035], [@bib0040], [@bib0235]). Indeed, in the absence of the uORF no truncated product is produced ([@bib0035], [@bib0040]). Translation of the full length or truncated products is regulated by changes in the availability of initiation factors. In addition to eIF2α phosphorylation, a reduction of free eIF4E by rapamycin causes bypass of the uORF AUG in favour of translation from the full length mORF ([@bib0040]).

*CHOP* mRNA contains a conserved repressive uORF, with 2 in-frame AUGs creating a 31 or 34 codon product in rodents and humans ([@bib0170]). Mutagenesis studies have shown that the C-terminal peptide region is essential for the inhibitory properties of this uORF. The absence of a *trans*-effect led to the supposition that the peptide sequence acts in a *cis*-manner to impede ribosomal movement either during elongation or termination, although future experiments are needed to confirm such an occurrence ([@bib0170], [@bib0295]). However, following ER stress when eIF2α is phosphorylated, CHOP is translationally upregulated, both in the presence or absence of the uORF. Therefore up-regulation of CHOP protein requires eIF2α phosphorylation, but is not necessarily dependent on the uORFs. It was suggested that under these conditions the uORF start codons (2 in-frame) become less well recognised by the ribosome complex ([@bib0295]). Further support for this theory was shown by mutation of the uORF to a strong Kozak consensus (which would be expected to decrease leaky scanning) reduced CHOP translational upregulation ([@bib0295]).

Other examples of potential bypass require the presence of an uAUG for the derepression. *GADD34* mRNA undergoes both transcriptional and translational upregulation after ER stress. The 5′UTR of *GADD34* mRNA contains 2 conserved uORFs that are inhibitory. Derepression after thapsigargin treatment (which induces ER stress PERK activation and eIF2α phosphorylation) was reliant on the presence of the second uORF start codon, whereas the first uORF was dispensable ([@bib0230]). Similarly, protein kinase C isoform η mRNA contains 2 conserved uORFs that are inhibitory to mORF translation, especially uORF2 that has a strong Kozak consensus sequence (A−3/G+4). Derepression after amino acid starvation required both GCN2 kinase and the presence of either uORF. Interestingly, mutation of the uORF2 stop codon, so that it now terminated downstream of the mORF start codon had no effect ([@bib0365]). This implies that it is the start codons of the uORFs that are required and recognised during uORF bypass events, rather than uORF translation.

3.4. Internal ribosome entry segments {#sec0040}
-------------------------------------

IRES elements provide a structured RNA context that can recruit ribosomes to initiate translation internally and thus independently from cap-dependent translational events (see review, [@bib0335]). A couple of examples have been demonstrated in mammalian transcripts where translational control involves coordination between an uORF and an IRES element ([Fig. 4](#fig0020){ref-type="fig"}E). *Cat-1* mRNA undergoes IRES-mediated translational upregulation following amino acid or glucose deprivation. Interestingly, translation of a 48 codon uORF is required for maximal IRES activity ([@bib0085], [@bib0075], [@bib0080], [@bib0445]). Detailed mutagenesis studies led to a model which predicts that the *Cat-1* IRES is in an inactive conformation which is restructured into the active IRES during translation of the uORF. Although, it is not yet fully understood how the uORF is initially translated (as the sequence of the 5′ end of the UTR is inhibitory to ribosomal movement) or how the IRES is maintained in its active context during stress stimulation ([@bib0445]). The VEGF-A gene undergoes a number of transcriptional and translational regulatory steps that give rise to 9 protein isoforms. The presence of 2 IRES elements within the 5′UTR allows translation initiation from either the mORF AUG or from an uCUG codon that produces a N-terminally extended protein that is subsequently cleaved. VEGF-A isoforms arise from differential splicing, with the 121 amino acid isoform, unlike the other commonly expressed 165 and 189 amino acid isoforms, only being translated from the uCUG codon. Interestingly, cap-independent translation of an uORF upstream (situated between the uCUG and main AUG codons) acts to repress IRES-mediated expression of the 121 isoform from the AUG codon. This demonstrates the occurrence of widespread *cis* regulatory actions between the uORF, the IRES element and downstream RNA sequences ([@bib0010]).

3.5. Nonsense mediated decay {#sec0045}
----------------------------

Nonsense mediated decay (NMD) allows for the elimination of transcripts that encode peptides with a premature termination codon. The present model predicts that during the initial round of translation messages with a stop codon more than 50 nucleotides upstream of an exon--exon junction will not have the exon junction complexes displaced and this directs such messages to be recognised and selectively removed by NMD ([Fig. 4](#fig0020){ref-type="fig"}F) ([@bib0370]). Many transcripts with uORFs would fit this criterion and thus be candidates for this pathway. However, examination of HeLa transcriptome changes following siRNA treatment of UPF1, PNRC2 or CTIF, all involved in NMD, identified 35--50% of upregulated transcripts contained an uORF ([@bib0175], [@bib0255]). However, 40--50% of human and mouse transcripts contain at least one uORF ([@bib0045], [@bib0140], [@bib0250]), suggesting that there is no predisposition for NMD by uORF containing transcripts.

*ATF4* and *CHOP* transcripts (*ATF4 Reinitiation*, *CHOP uORF Bypass*) are targets of NMD, illustrating the involvement of multifaceted pathways in uORF translational control ([@bib0095], [@bib0255]). Interestingly, during hypoxia eIF2α phosphorylation caused a relocalisation of NMD components to stress granules and inhibition of NMD ([@bib0095]). Similarly, it has been demonstrated that transcript turnover of another NMD target, the uORF containing IFDR1, was reduced following eIF2α phosphorylation ([@bib0450]). Such a mechanism would be expected to augment translation of these proteins during stress conditions.

The very complex UTR of thrombopoietin (*THPO*) transcript contains multiple uORFs. The seventh uORF, which overlaps with the mORF, fits the criterion for a NMD target. However, this transcript avoids NMD and only by expanding the seventh uORF from 27 to 40 codons was it possible to reduce transcript levels, which were only in part reversible by NMD inhibition ([@bib0410]). This observation fits with the hypothesis that proposes that the length of short ORFs may be a key discrimination factor in NMD. Studies using mutant beta globin transcripts demonstrated that shorter ORFs were more insensitive to NMD, and this occurred independently of any reinitation events ([@bib0145], [@bib0385]).

4. Non-AUG upstream open reading frames {#sec0050}
=======================================

Ribosomes have been shown to start translation at non-AUG start codons, although this occurs with much lower efficiency than at AUG codons both within mammalian cells and *in vitro* translation assays using RRL ([@bib0205], [@bib0305], [@bib0310]). Near-cognate non-AUG start codons (which differ from AUG by one nucleotide) within a strong Kozak context were tested in RRL ([@bib0310]). All variations caused a certain degree of leaky scanning, with the ACG and CUG being the best recognised initiation codons and AGG and AAG the least recognised. In another study, GUG was found to be the most efficient non-AUG start codon. Furthermore, it was observed that the nucleotide context surrounding the GUG had a stronger influence than for an AUG codon implying that the nearby nucleotides compensate for the weaker codon--anticodon interaction ([@bib0205]).

A recent new technology termed ribosome profiling, involves deep sequencing of ribosome-protected mRNA fragments, allowing the detection of ribosome occupancy in any given mRNA genome wide. Thus, in principal one can detect which part of the mRNA is translated ([@bib0150], [@bib0155]). By the use of two drugs; harringtonine, which acts by stalling 80S ribosomes at translation initiation start sites, and cycloheximide that arrests elongating ribosomes, the start sites and reading frames of a transcript can be identified. Ribosome profiling in mouse embryonic stem cells revealed high-level ribosome occupancy in uORFs that had non-AUG start codons ([@bib0155]). In fact the majority of the all uORFs detected had near-cognate start sites of which; CUG was used the most (30--35%), GUG and AUG (20%), UUG (15%) and ACG (10%). Many mRNAs had multiple uORFs with both AUG and non-AUG start sites. All these uORFs were accompanied by elongating ribosome footprints, which were detected without harringtonine treatment indicating that the uORFs were actively translated ([@bib0155]). When *ATF4* mRNA was examined, ribosome footprints were found at both start codons and within both uORFs, however no ribosome footprints were observed at the mORF start codon indicating translational suppression. In contrast, in mRNAs containing non-AUG uORFs, ribosome footprints were seen at both the start codons and within the reading frames of non-AUG uORFs as well as at the mORFs suggesting that these non-AUG uORFs might have a weaker regulatory function than uORFs with AUG start codons.

A recent proteomics study identified short translated peptides by mass spectrometry and found that some uORF peptides were initiated from a non-AUG start codon. Due to the limitations of the technology, these peptides were on average 75 amino acids. Interestingly, many of these non-AUG uORFs overlapped the mORF. To validate these findings, the uORF and the adjoining mORF were tagged and expression of both the non-AUG uORF and mORF was confirmed using immunofluorescence. Mutation of the non-AUG to an AUG codon, completely repressed translation of the mORF indicating that the mORF was being translated by leaky scanning ([@bib0390]). How such non-AUG codons are recognised is not fully understood. However, it has been shown that eIF1 plays an important role in start codon selection and that in the absence of eIF1 the scanning ribosome is unable to discriminate between an AUG and non-AUG codon and is also indiscriminate to the surrounding Kozak context ([@bib0330]). More recently, overexpression of eIF1 in cells abolished initiation from non-AUG codons. Furthermore, it was proposed that eIF1 concentration is involved in an autoregulatory feedback loop controlling its own translation, as the mORF AUG codon of the eIF1 transcript is positioned within a poor Kozak context ([@bib0160]).

5. Upstream open reading frames and disease {#sec0055}
===========================================

As the preceding examples have shown, uORFs can play an integral part in the translational control of gene expression. It is therefore not surprising that an increasing number of diseases are being linked to changes in uORF functionality. Here we will discuss examples of the consequences of alternative 5′UTRs, single nucleotide polymorphisms (SNPs) and uORF mutations in disease and treatment.

Many genes are encoded by alternative transcript isoforms that can arise from the usage of different promoters, transcription start sites and/or differential splicing. Strictly speaking, changes in isoform abundance in cancer are due to aberrations in transcription. However, as isoforms can differ in both their untranslated regions and coding sequences, they may produce a change to translational potential. *MDM2*, an oncogene that binds and inactivates the tumour suppressor p53, is encoded by 2 transcripts a short and long version, transcribed from different promoters. Translation from the long transcript is dampened by the presence of 2 inhibitory uORFs, which are absent from the shorter transcript. In human soft tissue tumours overexpression of MDM2 protein can occur from enrichment of the more highly translated short transcript ([@bib0025]). Altered promoter usage has also been identified in breast cancers that display reduced expression of the DNA repair gene *BRCA1*. Increased transcription of *BRCA1* transcripts with a longer inhibitory 5′UTR are observed in these cells. The lower translation of the mORF in these transcripts arises from both an increase in secondary structure and the presence of 3 uORFs in the 5′UTR ([@bib0395]). In head and neck cancer a change in splicing caused the retention of a longer inhibitory 5′UTR of the tumour suppressor hyaluronidase to be the predominant transcript produced in these cancers. This transcript contains numerous uAUGs that reduced expression of the mORF ([@bib0090]).

As uORFs often act as insulator elements on the downstream translation of a gene, the possibility of a SNP creating or removing an uORF would be expected to have serious consequences on mORF translation. Over 509 human genes have been identified where SNPs occur to create/delete an uORF. Further testing of 5 of these genes by reporter assay confirmed that the loss of the uORFs in all cases lead to increased translational efficiency ([@bib0045]). The examination of SNPs within uORF sequences also needs future consideration. A SNP that creates a missense change within the second uORF of the serotonin receptor gene HTR3A has been significantly linked with bipolar affective disorder. Reporter assays showed this SNP to double luciferase activity ([@bib0275]).

Familial uORF mutations have been reported for a number of diseases. In hereditary melanoma certain families show a G-T mutation, which creates an uAUG within the Cdk4/Cdk8 kinase inhibitor *CDKN2A* mRNA. This uORF, which is efficiently recognised by ribosomes, reduces *CDKN2A* mRNA expression and consequently alleviates its restriction on G1 progression in the cell cycle ([@bib0240]). The human hairless gene contains 4 uORFs, but it is the second (and longest) uORF in which a range of mutations has been identified in families with Marie Unna hereditary hypotrichosis. The mutations identified were either missense or nonsense or removed either the uORF initiation or termination codon, as uORF2 is in-frame with the mORF this would produce an N-terminally extended protein. All tested mutations were shown to enhance translation from a reporter gene. Furthermore, the observation that missense mutations augment translation suggests that the peptide sequence of the uORF2 is important for translational repression ([@bib0435]). Enhanced translation of the *THPO* gene is observed in hereditary thrombocythemia, the 5′UTR of which contains 7 uORFs. One familial mutation involves a nucleotide change that creates a new splice donor site, which eliminates all uORFs from the spliced message ([@bib0440]). Other mutations affect the seventh uORF, which overlaps with the mORF. The introduction of a nonsense mutation upstream of the mORF, allowed reinitiation by ribosomes after uORF7 translation ([@bib0105]). Alternatively, a nucleotide deletion in uORF7, which places it in-frame with the coding sequence, produced a N-terminally extended protein ([@bib0100], [@bib0180]).

Collectively these examples highlight the growing emphasis on identifying mutations or SNPs within the 5′UTR that may influence disease progression or aetiology. The numerous ways in which an uORF may regulate translation will require careful study into how aberrant uORF regulation affects translation.

6. Conclusion {#sec0060}
=============

Given the prevalence of uORFs in mammalian transcripts it is perhaps surprising that still relatively little is known about how these elements are regulated. The current data strongly suggest that their regulation is likely to be complex and that several independent mechanisms exist to allow their repressive effects under normal conditions and selective translation of subsets of defined mRNAs under situations of pathophysiological cell stress. Further studies are needed to address how mutations/polymorphisms within uORFs/AUGs may contribute to an individual\'s disease response.
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